Abstract: Graphene oxide (GO) is a single-atom-thick and two-dimensional carbon material that has attracted great attention because of its remarkable electronic, mechanical, chemical and thermal properties. GO could be an ideal substrate for the development of label-free optical biosensors, however, its weak photoluminescence (PL) strongly limits the use for this purpose. In this study, we developed a covalent chemical strategy in order to obtain a hybrid GO-macroporous silicon (PSi) structure for biomedical applications. The realized structure was characterized by atomic force microscopy (AFM), scanning electron microscopy (SEM) water contact angle (WCA) measurements, Fourier transform infrared spectroscopy (FTIR) and labelfree optical methods based on spectroscopic reflectometry and PL analysis. Investigations showed that the hybrid structure is suitable as a transducer material for biosensing applications due to its peculiar optical properties resulting from the combination of GO and PSi.
exhibits innovative mechanical, thermal, electrical and optical properties which make this two-dimensional (2D) material attracting and under continuous research [3] [4] [5] . It also displays favourable characteristics owing to the heterogeneous chemical and electronic structure; the possibility of being processed in solution and chemically tuned; the hydrophilic nature due to the oxygen containing functional groups (i.e., carboxyl, epoxy and hydroxyl groups) which provide great water dispersibility and biocompatibility. These properties of GO have provided a lot of opportunities for the development of novel biosensing systems [5] [6] [7] [8] [9] [10] [11] . Moreover, the discovery of the steady-state photoluminescence (PL) properties of GO, PL emission from 500 to 800 nm reported on exposure to near UV radiation, has opened new perspectives in optoelectronics [12] . Unfortunately, the PL of GO is very weak due oxygen functional groups producing non-radiative recombination as a result of transfer of their electrons to the holes present in sp 2 clusters [13] . A common way to enhance GO light generation is based on reduction or oxidation treatments [14, 15] . A recent approach to increase PL emission from GO is the infiltration of this material into large specific surface area substrates such as porous silicon (PSi) [16] . PSi, obtained by electrochemical partial dissolution of doped crystalline silicon, due to its high specific surface area, optical and electrical properties, tailorable morphology and surface chemistry is one of the most intriguing optical transducer for developing of a wide range of chemical and biological sensors [17, 18] . In our recent papers, we reported the formation of GO-PSi hybrid systems based on electrostatic interaction between GO nanosheets and amino-modified mesoporous silicon. The GO nanosheets were infiltrated by spin-coating into different silanized PSi structures: a homogeneous monolayer and an aperiodic multilayer Thue-Morse formed by 64 layers [19, 20] . Both hybrid structures showed an intense PL signal on a broad range of optical frequencies and enhancement of the PL emitted from GO by several factors with respect to GO deposited on crystalline silicon, without losing sensing abilities. In biosensor development, a covalent bound of functional components onto transducer surfaces is advanta-geous, in order to avoid their untimely detachment and device impairment. In this work, GO was covalently immobilized on a PEG-modified macroporous silicon layer via EDC/NHS chemistry. The formation of the hybrid GOPSi was investigated by atomic force microscopy (AFM), scanning electron microscopy (SEM), water contact angle (WCA) measurements, Fourier transform infrared spectroscopy (FTIR), spectroscopic reflectometry and steadystate photoluminescence (PL). The results highlighted the presence of GO covalently bound to the surface of PSi, suggesting the possibility to use this natural photoluminescent hybrid material as platform for label-free biosensing. for 90 s [21] . Before the etching procedure, the silicon substrate was immersed in HF solution for 2 min to remove the native oxide layer. As-etched PSi device was placed in a Schlenk tube containing deoxygenated neat UDA (99% v/v) and allowed to react at 110 ∘ C for 18 h under a stream of argon. Afterwards, the PSi structure was extensively washed in tetrahydrofuran and chloroform so as to remove excess unreacted reagent [22] .
Materials and Methods

Chemicals
PSi PEGylation and covalent grafting of graphene oxide
The PEGylation of PSi was carried out by immersing the structure in BOC-NH-PEG-NH 2 solution (0.4 M, overnight, at 4 ∘ C.) by using EDC/NHS (0.005 M, in MES 0.1 M, 90 min, at RT) [23, 24] . In order to remove excess reagents, the sample was rinsed in MES buffer and deionized water. A solution of TFA (95% v/v, 90 min, at RT) was used to remove the BOC protective group from the second amine portion of PEG molecule, covalently bond to PSi-surface. The excess of TFA was removed by rinsing the sample in deionized water. The GO solution was sonicated for 3 hours and left to decant for 2 days; the supernatant was separated from precipitate and used for the experiment [20] . Finally, GO (1 mg/mL) was covalently conjugated to PEGylated PSi by using EDC/NHS solution (0.005M, in MES 0.1 M, overnight at RT).
Atomic Force Microscopy
A XE-100 AFM (Park Systems) was used for the imaging of PSi substrate before and after functionalization with GO. Surface imaging was obtained in noncontact mode using silicon/aluminum coated cantilevers (PPP-NCHR 10M; Park Systems) 125 µm long with resonance frequency of 200 to 400 kHz and nominal force constant of 42 N/m. The scan frequency was typically 1 Hz per line.
Scanning Electron Microscopy
SEM images have been performed at 5kV accelerating voltage and 30 µm wide aperture by a Field Emission Scanning Electron Microscope (Carl Zeiss NTS GmbH 1500 Raith FE-SEM). A InLens detector has been used. A section of the samples has been tilted at 90 ∘ in order to perform SEM analysis in lateral view.
Water contact angle measurements
Sessile drop technique has been used for water contact angle (WCA) measurements on a First Ten Angstroms FTA 1000 C Class coupled with drop shape analysis software.
The WCA values reported in this work are the average of at least three measurements on the same sample. 
Fourier Transform Infrared Spectroscopy
The Fourier transform infrared spectra of all samples were obtained using a Nicolet Continuµm XL (Thermo Scientific) microscope in the wavenumber region of 4000-650 cm −1 with a resolution of 4 cm −1 .
Spectroscopic reflectometry
The reflectivity spectra of PSi sample were measured at normal incidence by means of a Y optical reflection probe (Avantes), connected to a white light source and to an optical spectrum analyzer (Ando, AQ6315B). The spectra were collected over the range 800-1500 nm with a resolution of 5 nm. Reflectivity spectra shown in the work are the average of three measurements.
Steady-state photoluminescence
Steady-state photoluminescence (PL) spectra were excited by a continuous wave He-Cd laser at 442 nm (KIMMON Laser System). PL was collected at normal incidence to the surface of samples through a fiber, dispersed in a spectrometer (Princeton Instruments, SpectraPro 300i), and detected using a Peltier cooled charge coupled device (CCD) camera (PIXIS 100F). A long pass filter with a nominal cut-on wavelength of 458 nm was used to remove the laser line at monochromator inlet.
Results and Discussion
Realization of GO-PSi structure and morphological surface characterizations
The GO structure is characterized by epoxy and hydroxyl functional groups covalently bonded on either side of a basal plane with carboxyl groups at the edge sites, resulting highly hydrophilic contrary to graphene [25, 26] . Moreover, the carboxyl groups make GO much more attractive than graphene, because they provide handles for the connection of GO sheets to different substrates (e.g., polymer, nanoparticles, DNA, silicon substrates, etc) for the development of functional GO-based materials [27] [28] [29] . In order to covalently immobilize GO nanosheets on macroporous silicon, the structure was firstly hydrosilylated by undecylenic acid (Scheme 1, step 1) [22, 30] . PSi suffers from aging phenomena, with a consequent oxidation of the internal surface of the pores and a lowering in the effective refractive index of the structure, which is crucial for a photonic device [31, 32] . A develop of a valid strategy to both stabilize and functionalize PSi support is a key issue for the biosensor realization. The hydrosilylation process is a valid strategy to passivate/functionalize the PSi surface from oxidation and corrosion in aqueous solutions, as described in SI. † The thermal reaction of undecylenic acid with a hydrogen-terminated PSi induced the formation of an organic monolayer covalently attached to the surface through Si-C bonds. The carboxyl group of UDA remained intact and it could be used for a further surface functionalization [33] . In order to improve the hydrophilicity and to promote the GO grafting, the hydrosilylated-PSi (UDA-PSi) was PEGylated by BOC-NH-PEG-NH 2 via EDC/NHS and -NH-BOC deprotected by TFA (Scheme 1, step 2) [24] . Fi- nally, the GO was covalently immobilized on PEGylatedPSi (NH 2 -PEG-NH-PSi) via EDC/NHS. A direct evidence of GO-grafting PSi is the evaluation of PSi morphology by AFM characterization. The AFM images of bare PSi, and GO-modified PSi surfaces are reported in Figure 1 . AFM image of PSi reveals a sponge-like structure characterized by hillocks and voids distributed on the whole surface (Figure 1, A; B) . After GO grafting (Figure 1, C; D) , most voids disappear due to partial pore cloaking by GO nanosheets [34] . The top view SEM images in Figure 2 show the perfect coverage of the PSi substrate (bare PSi in top side) by GO flakes. Moreover, as shows in the lateral view of the tilted section of the GO-PSi compound, GO penetrates into the PSi channels
Assessment of PSi surface wettability and FTIR analysis
The control of surface wettability plays a key role in the development of hybrid interfaces [35, 36] . The variation of surface wettability after each step of functionalization was evaluated by WCA measurements, as shown in Figure 3 . The surface of as-etched PSi was hydrophobic, resulting in the a WCA value of 130 (1) ∘ (Figure 3, A) . Undecylenic acid, characterized by a carboxyl terminal-alkyl chain, induced a weak decrease of WCA to 105 (1) ∘ (Figure 3, B) . The PEGylation step of UDA-PSi with BOC-NH-PEG-NH 2 induced a further decrease of WCA to 88 (1) ∘ due to the hydrophilicity of PEG chain (Figure 3, C) . The removal of the BOC protector group by TFA treatment and the exposure of the amine-group made the PSi surface more hydrophilic with a WCA of 49(1) ∘ (Figure 3, D) . Finally, the conjugation of GO to PEG-modified PSi was confirmed by a further decrease of WCA value to 40 (1) ∘ due the oxygen containing functional groups of GO (Figure 3 , E). The covalent grafting of GO on PSi substrate was investigated by FTIR spectroscopy (Figure 4 ). FTIR spectrum of bare PSi (Figure 4 , A) showed a peak of Si-O-Si stretching mode at 1090 due to spontaneous ageing of PSi during the handling [22] . After the grafting of GO the PSi structure displayed characteristic bands of GO corresponding to the CHx at 2960-2850 cm −1 of carbon networks, the C=O carbonyl stretching of -COOH at 1740 cm −1 and the alkoxy C-O at 1040 cm −1 [37] . Moreover, the GO-PSi spectrum showed peaks at 1640 cm −1 and 1420 cm −1 of amide band I and II of peptide bond, respectively, confirming the covalent immobilization of GO on PSi (Figure 4, B) [38].
Characterization of PSi reflectivity and PL spectra
The optical thickness (i.e., OT) of the obtained GO-PSi device was calculated from the reflectivity spectrum by FFT, which displayed a peak whose position along the x-axis corresponded to two times the optical thickness (2OT) of the layer [19] . Normal incidence reflectivity spectra of PSi before and after hydrosilylation with UDA and after the PEGylation are shown in Figure 5 (A; C) together with the corresponding FFTs (Figure 5, B; D) . Since the physical thickness d of the PSi layer was fixed, the FFT peak shift of about 130 nm after UDA treatment and 100 nm after the PEGylation, due to an increase of the average refractive index (n) [21] . Figure 5 shows reflectivity spectra (E; G) with corresponding FFTs (F; H) of PEGylated PSi before and after the deprotection of -NH-BOC and after the immobilization of GO. A calculated FFT peak shift of -15 nm after TFA treatment, confirms the removal of BOC protector group from -NH 2 . A FFT peak shift of 75 nm after the treatment of PSi with GO, confirms the successful of the GO covalent immobilization on PSi. The presence of GO on the surface of macroporous silicon was also confirmed by PL measurements. Light emission from PSi functionalized with GO nanosheets was investigated at an excitation wavelength of 442 nm. PL spectra of PSi before (black line) and after (red line) GO modification are reported in Figure 6 . Any PL signal cannot be detected in the case of bare PSi. Otherwise, after GO immobilization, a strong emission in the range included between 500 and 900 nm with a maximum at about 720 nm was experimentally measured. This PL signal was attributed to the GO nanosheets covalently bond to PSi surface.
Conclusions
In summary, in this work we demonstrated the realization of a hybrid GO-PSi device and investigated its properties for application in biosensing. In order to develop a biosensor based on GO-PSi, the PSi structure was passivated by a UDA compound, functionalized by PEG molecules which improved the surface hydrophilicity and provided coupling points to immobilize GO via EDC/NHS chemistry. The device functionalization was confirmed qualitatively and quantitatively by several complementary techniques, such as AFM and SEM microscopy, WCA measurements, FTIR analysis and label-free optical methods based on spectroscopic reflectometry followed by FFT and PL analysis. The GO-PSi hybrid device, obtained by a covalent chemistry approach, can be used as transducer material for a wide range of applications, from biomedical diagnostics and environmental monitoring to food quality control.
